A B S T R A C T We measured deoxycorticosterone (DOC) and progesterone (P) in plasma of 47 women pregnant with a dead fetus and sequentially throughout gestation in 35 women pregnant with a live fetus. When P levels in plasma were low, the plasma levels of DOC in women pregnant with a dead fetus varied but usually were similar to those in women pregnant with a live fetus. However, when P levels were high, the levels of DOC in some women pregnant with a dead fetus were considerably lower than those in women pregnant with a live fetus. To test whether this finding was due to loss of transfer of DOC from fetus to mother or else loss of extraadrenal steroid 21-hydroxylase activity in the mother after death of the fetus, we conducted several studies. The levels of P and DOC in plasma of one woman remained constant from 30 min after fetal death until delivery occurred 13 h later. Estrogen treatment of four women pregnant with a dead fetus brought about an increase in plasma levels of DOC in three of the women. In one woman the ratio of plasma DOC to P was 0.015, a value similar to that found before fetal death, but was 0.003 after fetal death but before estrogen treatment. In two women pregnant with a dead fetus the transfer constants of conversion of plasma P to DOC were 0.011 and 0.005 before, and 0.024 and 0.013, respectively, during estrogen treatment. In one woman pregnant with a deformed fetus with adrenal agenesis, the metabolic clearance rates of DOC before and during estrogen treatment were similar, whereas the plasma production rates of DOC were 2.75 before and 4.31 mg/24 h during estrogen treatment. We suggest that (a) the DOC in plasma of near-term pregnant women arises in part by extraadrenal 21-hydroxylation of
INTRODUCTION
Deoxycorticosterone (DOC)' and DOC-SO4 levels in plasma of pregnant women are extraordinarily high compared with those found in men and nonpregnant women (1) (2) (3) (4) (5) (6) (7) (8) . Importantly, most of the DOC in plasma of near-term pregnant women arises by a mechanism(s) other than adrenal secretion. This obtains because dexamethasone treatment of near-term pregnant women does not cause a decrease in DOC levels in plasma (1, 3, 4, 6) , and ACTH treatment of such women does not cause an increase in the plasma concentrations of DOC (3, 4, 6) .
It has been suggested that DOC produced in the fetus may be transferred to the mother because the levels of DOC and DOC-SO4 in umbilical cord plasma (1, 5, (8) (9) (10) are even greater than those in maternal plasma. Alternatively, we recently suggested that DOC in the maternal compartment arises, in part, by the extraadrenal 21-hydroxylation of plasma progesterone (P) (11) . Plasma P is converted to DOC, but the trans-. fer constant of conversion of plasma P to DOC ([P]BU-) varies widely among normal persons (11) . Interestingly, the kidney of the human adult and fetus may be one site of extraadrenal synthesis of DOC because steroid 21-hydroxylase activity has been demonstrated in human adult (12) and fetal (13) kidney tissue. 1 Abbreviations used in this paper: DOC, deoxycorticosterone; DOC-SO4, deoxycorticosterone sulfate; P, progesterone; [pJejc, transfer constant of conversion of plasma progesterone to DOC; MCR, metabolic clearance rate; PR, production rate; tetrahydro-DOC, 3a,21-dihydroxy-513-pregnan-20-one; TLC, thin-layer chromatography; tetrahydro-DOC-diacetate, 5 ,Bpregnan-20-one-3a,21-diacetate.
In our investigation we sought initially to evaluate directly the fetal contribution of DOC to the maternal compartment. We did so by measuring DOC and P in plasma of women pregnant with a dead fetus. We found that in such women the plasma levels of DOC were quite variable but in most instances were similar to those in women pregnant with a live fetus when P levels in plasma of the women of the two groups were low. However, if P levels were high, DOC levels in plasma of a number of women pregnant with a dead fetus were not nearly as high as those in women pregnant with a live fetus with comparably high levels of P. This finding could have been interpreted to mean that the fetus does contribute DOC to the maternal compartment, or else it could be interpreted to mean that extraadrenal steroid 21-hydroxylase activity is increased by a hormonal event of pregnancy that is lost or diminished after fetal death. Based on the results of this study, we speculated that estrogen, the levels of which ordinarily fall precipitously after fetal death, may stimulate the extraadrenal 21-hydroxylation of P. In the present investigation this hypothesis was tested and evidence was obtained that estrogen, acting directly or indirectly, causes increased DOC formation from plasma P.
METHODS
Experimental design. Two groups of pregnant women were studied. The first group of subjects (n = 35) was comprised of normal women pregnant with a live fetus. Blood samples were obtained from these women at -2-wk intervals from early in pregnancy until term. The levels of P and DOC in plasma of each of the blood samples were determined. The second group of subjects (n = 47) of this study were women pregnant with a dead fetus. Special studies were conducted in five of these women (subjects 1-5) and in one other subject (no. 6) who was pregnant with a live fetus that was known to have abnormalities incompatible with extrauterine life. The infant died immediately after birth and at autopsy was found to have pituitary hypoplasia and no adrenal glands. Subject 1 was pregnant at term, had severe hypertension, and was in active labor. 30 min after fetal heart tones were heard, fetal heart tones were not present. Blood was obtained at this time and a number of times thereafter. P and DOC were measured in plasma of each of the blood samples and 17#-estradiol and estriol were quantified in selected samples.
In Subject 2 at 30-wk gestation, fetal heart tones were present, and blood was obtained for reasons unrelated to this study. 1 Mass.) were purified as described (12, 14) . Nonradiolabeled DOC and tetrahydro-DOC were purchased from Steraloids (Wilton, N. H.). 513-Pregnan-3a-ol-20-one-21-acetate was synthesized from 5,3-pregnan-3a,21-diol-20-one according to the procedure of Henbest et al. (17) , and this product was treated with pyridine/acetic anhydride (1:1) at 37°C for 2 h to obtain tetrahydro-DOC-diacetate. Determination dpm) was added to each plasma sample as an internal standard. The plasma was extracted twice with dichloromethane. An aliquot (5%) of the extract was assayed for radioactivity and the 3H/'4C ratio of the steroid(s) in the extract was computed. The solvent was evaporated and the residue was purified by thin-layer chromatography (TLC) using the solvent system methylene chloride/diethyl ether (7:3, vol/vol). The purified DOC was eluted from the silica gel and treated with a mixture of pyridine and acetic anhydride for 2 h at 37°C. The DOC-acetate was chromatographed by TLC using the solvent system ethyl acetate/isooctane (1:1, vol/vol). The DOC-acetate was eluted from the chromatogram, 40 mg nonradiolabeled DOC-acetate was added, and the mixture was crystallized three times. The 3H/'4C ratios in the plasma extract and after each purification step were similar (data not shown). The plasma PR-DOC was computed as the product of the MCR-DOC and the plasma concentration of DOC (Table II) .
In Subjects 4 and 5, the [p]Pu was computed from the relationship between the 3H/'4C ratio of the infused tracers, [3H]P and [14G]DOC, and that of tetrahydro-DOC isolated from a 48-h urine collection that was treated with ,B-glucuronidase. The procedures used for the purification of urinary tetrahydro-DOC have been described in detail (11) . The production rate of DOC was computed from the specific activity of urinary tetrahydro-DOC with respect to carbon- 14 and the quantity of ['4G]DOC infused (14) . The specific activity of tetrahydro-DOC was determined after acetylation of an aliquot of the tetrahydro-DOC with [3H]acetic anhydride of known specific activity.
The PR-DOC in Subject 6 was computed from the specific activity of [3H]tetrahydro-DOC isolated from a 48-h urine collection that was treated with j3-glucuronidase. The [3H]tetrahydro-DOC was purified as described (11) . The specific activity of the purified [3H]tetrahydro-DOC was computed from the 3H/'4C ratio of tetrahydro-DOC-diacetate after acetylation of the [3H]tetrahydro-DOC with ['4C]acetic anhydride of known specific activity (14) . The tetrahydro-DOC-diacetate was purified by TLC and by recrystallization to constant 3H/'4C ratios.
RESULTS
Plasma levels of DOC and P in women pregnant with a dead fetus and in women pregnant with a live fetus. The concentrations of DOC in plasma, as a function of the concentrations of P in plasma, in women pregnant with a dead fetus are compared with the concentrations of DOC and P in women pregnant with a live fetus (Fig. 1) . When the plasma levels of those in women pregnant with a dead fetus and in whom plasma 17fB-estradiol levels are less than (0) or greater than (-) 6 ng/ml. P were low (< 50 ng/ml), the plasma levels of DOC in women pregnant with a dead fetus were quite variable but in most instances were similar to those in women pregnant with a live fetus (Fig. 1) . On the other hand, when P levels in plasma were high (>50 ng/ml), the levels of DOC in plasma of most women pregnant with a dead fetus were considerably lower than the levels of DOC in plasma of women pregnant with a live fetus. In the case of women pregnant with a dead fetus with high levels of P and low levels of DOC, the concentration of 17,3-estradiol usually was low, i.e., <6 ng/ml. In five women pregnant with a dead fetus the levels of both P and DOC were high. In four of these five women the plasma levels of 17,Bestradiol were >6 ng/ml (Fig. 1) . The plasma levels of P and DOC in a woman soon after fetal death and sequentially thereafter until and after delivery. The levels of DOC and P in the plasma of a near-term pregnant woman (Subject 1) soon (within 30 min) after fetal death and every 30 min thereafer until 3 h after delivery, hourly until 10 h postpartum, and at 24, 36, and 60 h after delivery are presented in Fig. 2 . The levels of P and those of DOC fluctuated somewhat before delivery, but the concentration of both steroids remained high. After delivery the levels of P and DOC in plasma declined rapidly. These findings are consistent with the view that DOC in the maternal compartment of some women is derived primarily from the extraadrenal 21-hydroxylation of plasma P and not by transfer to the mother of DOC produced in the fetus. The plasma levels of P and DOC in women pregnant with a dead fetus before and during estrogen treatment. The levels of P and DOC in plasma of Subject 2 at 30-wk gestation, when her fetus was alive, as well as the levels of these hormones after fetal death before and during estrogen treatment are presented in Fig. 3A . The ratios of the concentrations of DOC to those of P in this subject are presented in Fig. 3B .
In this woman the concentration of 17f3-estradiol in plasma before fetal death was 7.8 ng/ml and 1-2 wk after fetal death it was 4.3 ng/ml. The plasma estriol level was 3.1 ng/ml before fetal death and was <0.5 ng/ml after fetal death. Before fetal death the plasma level of DOC (0.952 ng/ml) and that of P (78 ng/ml) were similar to those found in women pregnant with a live fetus at comparable stages of pregnancy. After fetal death the levels of DOC, but not those of P, declined. However, after the institution of estrogen treatment, the concentration of DOC, but not that of P rose. The level of DOC before estrogen treatment, 0.24±0.023 ng/ml (mean±SEM), was significantly less than that during estrogen treatment, 0.54±0.053 ng/ ml, P <0.001. Importantly the mean ratio of the plasma concentrations of DOC to those of P during estrogen treatment, 0.010±0.0007, was similar to the ratio found before fetal death, 0.012, and significantly greater (P < 0.001) than the mean ratio found after fetal death but before estrogen treatment, 0.003±0.0004. After the discontinuation of estrogen treatment the ratio of the concentration of DOC to that of P remained high. However, by this time placental function had deteriorated to such an extent that P levels had declined appreciably to levels similar to or less than those found during the luteal phase of the ovarian cycle.
Similar studies were conducted in Subjects 3-6. The results of these studies are presented in Figs. [4] [5] [6] [7] . The plasma 17f3-estradiol level in Subject 3 was low, 5.2 ng/ml, as was the mean of the estriol levels in plasma of several blood samples, 0.93 ng/ml. Within 12 h of commencement of estrogen treatment, the concentration of DOC in plasma increased (Fig. 4A) . Within 24 h the maximum concentration of DOC as well as a high ratio of the concentration of DOC to P during estrogen treatment (Fig. 4B) was attained. The plasma concentration of DOC before estrogen treatment, 0.48±0.026 ng/ml, was significantly less than during estrogen treatment, 1.05±0.11 ng/ml, P < 0.001. Similarly the ratios of the plasma concentration of DOC to that of P before estrogen, 0.0047±0.0003 was significantly less than during estrogen treatment, 0.0133±0.0023, P < 0.001.
The plasma concentration of 17#B-estradiol in Subject 4 was high, viz., 24 ng/ml, whereas the concentration of estriol was low, viz., 3 ng/ml. After instituting estrogen treatment, the levels of DOC, which were high before estrogen treatment, increased to very high, although fluctuating levels (Fig. 5A) . Similarly the high ratio of the plasma concentration of DOC to that of P before estrogen treatment was increased even higher during estrogen treatment (Fig. 5B) . Indeed, on one occasion during estrogen treatment, a ratio of the concentrations of DOC to P of 0.1 was found. The mean of the plasma concentrations of DOC before estrogen treatment, 4 .11±0.38 ng/ml, was significantly less than during estrogen treatment, 7.22±0.85 ng/ml, P < 0.01. before estrogen treatment, 19.1±1.1 ng/ml, P < 0.05. In Subject 6, pregnant with a deformed but live fetus : with adrenal aplasia, the plasma concentration of 17,Bc estradiol was high, viz., 24 ng/ml, whereas the plasma 06 > concentration of estriol was low, viz., 2.3 ng/ml. Dur-0 ing estrogen treatment the levels of DOC (Fig. 7A) as 0 well as the ratios of the plasma concentrations of 04 8 DOC to those of P (Fig. 7B) The mean of the ratios of the plasma concentrations of DOC to those of P before estrogen treatment, 0.020±0.0024, was significantly less than during estrogen treatment, 0.043±0.0073, P < 0.02. In this subject the plasma levels of P were quite high, possibly due to the hyperplacentosis that is associated with hydrops fetalis. After discontinuing estrogen treatment the plasma concentration of DOC, as well as the ratio of the concentration of DOC to that of P, declined. In Subject 5 the plasma concentrations of 17,B-estradiol and estriol were low, viz., <1 ng/ml. After the initiation of estrogen treatment, the levels of DOC did not rise appreciably (Fig. 6A) , nor did the ratio of the concentration of DOC to that of P (Fig. 6B) . However, placental function had declined appreciably and the mean concentration of plasma P during estrogen treatment, 14 .6±1.5 ng/ml, was significantly less than that -z _ _~~~~. Days FIGURE 4 The levels of P (Table II) . The 6°plasma PR-DOC before and during estrogen treatment were 2.75 and 4.31 mg/24 h, respectively, in this woman (Table II) . (Table   I) . Similarly, the [p]eoc in Subject 5 rose from 0.005 before to 0.013 during estrogen treatment (Table I) .
The PR-DOC (computed from the specific activity of urinary tetrahydro-DOC) in Subject 4 was 7.7 mg/ 24 h before and 12.2 mg/24 h during estrogen treatment. In Subject 5 the PR-DOC before and during estrogen treatment were 0.75 and 0.63 mg/24 h, respectively. However, in Subject 5 plasma P levels were low and falling. Thus despite an increase in [pke°d uring estrogen treatment, PR-DOC did not rise. The MCR-DOC was not measured in Subjects 4 and 5. However if we assume that MCR-DOC in these women was similar to that in Subject 6 of this study and to those found by 
DISCUSSION
This investigation was designed originally to ascertain whether significant quantities of DOC were transferred from the fetal to the maternal compartment. We were of the view that this was not the case. This conclusion was based primarily upon the finding that much of the DOC in pregnant women can be accounted for by the extraadrenal production of DOC from plasma P (11). Thus, we were surprised to find that when plasma P levels were high the plasma levels of DOC were lower than expected in some women pregnant with a dead fetus. However, it also was observed that when P levels were low the plasma concentrations of DOC were similar among most pregnant women irrespective of whether the fetus was alive or dead. In five women pregnant with a dead fetus plasma P levels were high and DOC levels also were high. In four of these five women the plasma 17,-estradiol levels also were high. These findings were suggestive that the rate of formation of DOC from circulating P may be regulated by estrogen, which is produced in large amounts in pregnancies in which the fetus is alive. Estriol is synthesized in the human placenta from 16a-OH-dehydroisoandrosterone sulfate derived primarily from the fetus (19, 20) and 17,-estradiol is synthesized in the placenta from dehydroisoandrosterone sulfate and other circulating CG9-steroids derived from both fetal and maternal plasma (19, (21) (22) . P is synthesized in the placenta almost exclusively from maternal plasma low-density lipoprotein-cholesterol (24) . Therefore after fetal death the rate of estrogen synthesis, particularly that of estriol, falls precipitously whereas P synthesis persists until placental function deteriorates. If estrogen stimulates extraadrenal steroid 21-hydroxylase activity, it could be envisioned that a decline in steroid 21-hydroxylase activity after fetal death would be sufficient to cause a reduction in (12) . If in the latter part of pregnancy extraadrenal steroid 21-hydroxylase enzyme were saturated by P, a decline in enzyme activity would eventuate in a decrease in the fractional conversion of plasma P to DOC. On the other hand, if P levels do become saturating for extraadrenal steroid 21-hydroxylase late in pregnancy, an estrogen-induced increase in enzyme activity in women pregnant with a live fetus could provide a mechanism for maintaining the fractional conversion of plasma P to DOC reasonably constant despite rising levels of P in plasma.
We sought to evaluate this possibility in a study of women pregnant, near term, with a dead fetus. Such subjects were considered to be ideal naturally occurring models for this study for the following reasons. (a) In some such women the plasma levels of P remain high whereas those of estrogen, particularly estriol, decline precipitously after fetal death. (b) In such women, DOC cannot arise from the fetus. (c) Theoretically estrogen treatment of such women could be therapeutically beneficial because similar treatment of animals brings about an increase in oxytocin receptor concentration in myometrium (25, 26) . Commonly, women pregnant with a dead fetus are refractory to the induction of labor with oxytocin as were the women of the present study. Moreover, estrogen treatment of pregnant women, even those in whom the fetus is dead, does not produce nausea (27) , and in a 25-yr follow-up study of women who ingested diethylstilbestrol during pregnancy, there was no evidence of ill effects (28) .
Several studies were conducted. First we evaluated, sequentially, the levels of P and DOC in plasma of a woman commencing within 30 min after fetal death. The levels of the two hormones remained reasonably constant until after delivery of the placenta. Thereafter the levels of the two hormones declined precipitously. These findings are suggestive that in some pregnancies significant quantities of DOC are not transferred from fetus to mother. In a second study we sought to ascertain if the administration of estrogen to women pregnant with a fetus that had been dead from some time would give rise to an increase in the levels of DOC in plasma, presumably as the consequence of stimulation of extraadrenal steroid 21-hydroxylase activity. We found that within 12 h after the initiation of estrogen treatment of four women pregnant with a dead fetus, DOC levels had risen appreciably in three of the four. Perhaps more importantly, the ratio of the concentration of DOC to that of P (which was depressed markedly after fetal death) had risen strikingly in these three women. Indeed in one of these women the ratio of the concentrations of DOC to those of P during estrogen treatment was similar to that found when her fetus was alive. The ratio of the plasma concentration of DOC to that of P (corrected for difference in the metabolic clearance rates of the two steroids) should be similar to the transfer constant of conversion of plasma P to DOC provided that the proportion of DOC in plasma that arose by secretion from the maternal adrenal or by transfer from the fetus is small compared to that which is formed from plasma P when plasma P levels are high. In one subject (no. 5), DOC levels did not rise appreciably during estrogen treatment. However, the plasma levels of P in this woman were very low and were falling during estrogen treatment. Even in this woman the [ptuD°c increased 2.6-fold during estrogen treatment.
After cessation of estrogen treatment of Subject 2, the ratio of the concentration of DOC in plasma to that of P remained high. However, by this time the levels of P in her plasma had fallen to levels similar to those found in the luteal phase of the ovarian cycle.
We have shown previously that the [plu in a given woman is similar in the follicular and luteal phase of her cycle (29) . Thus despite the discontinuation of estrogen treatment it is likely that the level of steroid 21-hydroxylase activity was sufficient to maintain the transfer constant of conversion of plasma P to DOC sufficient for these lower levels of P.
To test directly whether the increase in the plasma concentration of DOC during estrogen treatment was due to increased 21-hydroxylation of plasma P, the
[p]ki'?f and PR-DOC were determined before and during estrogen treatment in two subjects pregnant with a dead fetus. The [p]'jDoc increased during estrogen treatment in both subjects. In Subject 4 the PR-DOC before estrogen treatment was 7.7 mg/24 h whereas during estrogen treatment it was 12.2 mg/24 h. The PR-DOC before and during estrogen treatment of Subject 5 were similar. However as noted before the plasma P levels in this woman during estrogen treatment were low and falling. Thus the increase in
[p]P-DO may have allowed for maintenance of the pretreatment PR-DOC despite falling levels of P.
These findings are suggestive that the rise in plasma concentration of DOC, as well as the increase in the PR-DOC, during estrogen treatment was due to increased conversion of circulating progesterone to DOC and was not due to increased maternal adrenal secretion of DOC. In addition it was found that in one woman pregnant with a live but deformed fetus with adrenal aplasia, the MCR-DOC did not decrease during estrogen treatment and the values for MCR-DOC in this woman were similar to those found previously in nonpregnant women (11, 18) . In this subject the plasma PR-DOC was 2.75 mg/24 h before estrogen treatment and was 4.31 mg/24 h during estrogen treatment. These several findings are supportive of the conclusion that increased levels of cortisol binding globulin did not account for the increased levels of DOC observed during estrogen treatment of women pregnant with a dead fetus.
Based on the findings of the present and previous (7, 11) investigations we conclude that the DOC present in blood of most near-term pregnant women is derived primarily from the extraadrenal 21-hydroxylation of plasma P. The extraadrenal 21-hydroxylation of plasma P may take place, in part, in kidney (12, 13) , a tissue site of DOC action. Moreover, steroid 21-hydroxylase activity in extraadrenal tissue was stimulated by estrogen. From the results of this study we cannot deduce whether estrogen acts directly or indirectly, e.g., through an alteration in the rate of formation of a substance (possibly a pituitary hormone) that stimulates extraadrenal steroid 21-hydroxylase activity. The kidney, however is believed to be a tissue of estrogen responsiveness (30, 31) . In any event it seems likely that estrogen, acting directly or indirectly, stimulates extraadrenal steroid 21-hydroxylase activity in a manner such that the transfer constant of conversion of plasma progesterone to DOC remains reasonably constant as pregnancy advances and plasma levels of P rise. In this manner the production rate of DOC in most women pregnant with a live fetus remains proportional to the plasma concentration of P.
